ABSTRACT: Flexibility in foraging behaviour and diet are characteristics of many penguin species. While these 2 aspects of foraging ecology are presumably tightly coupled, the connection between them is rarely examined directly. Using time-depth recorders and satellite telemetry we documented the foraging behaviour of 43 chick-rearing macaroni penguins Eudyptes chrysolophus at Heard Island. We also compared these behavioural data with prey recovered from the stomach contents of each tracked bird. During guard stage, foraging trips were significantly shorter (average duration = 23 ± 18 h, range = 47 ± 40 km) compared to crèche stage (average duration = 115 ± 112 h, range = 169 ± 102 km). Crèche stage trips also included significantly more shallow dives that appear to be related to travel (39% of dives <10 m versus 27% for guard stage). Three species dominate the birds' diet: 2 species of euphausiids and the myctophid fish Krefftichthys anderssoni. Over the breeding season, K. anderssoni was taken on trips further from the island with deeper dives compared to the euphausiids. Foraging characteristics also differed between trips targeting different euphausiid prey species; however, there was a temporal shift in the euphausiid species consumed and this was correlated with overall changes in foraging behaviour. Multivariate analysis of behavioural data from trips early in guard stage revealed 2 distinct foraging strategies: deeper and offshore versus shallower and inshore. Individual birds often switched between these strategies in successive trips. The characteristics of many dives performed during inshore trips were indicative of benthic foraging; a previously unrecorded behaviour for macaroni penguins. Euphausiids were captured on both offshore pelagic and inshore benthic trips, illustrating that when prey is found in different habitats substantial changes in foraging parameters can occur independent of dietary shifts. More detailed behavioural studies may allow prey-specific rather than habitat-specific foraging patterns to be distinguished.
INTRODUCTION
Studies of foraging behaviour play a key role in our understanding of species ecology, evolution and conservation. In marine predators, the development and miniaturisation of animal-borne time-depth recorders (TDRs) and satellite telemetry devices has allowed increasingly detailed studies of diving behaviour and at-sea spatial usage (Wilson et al. 2002) . Intraspecific temporal and spatial variability of foraging behaviour is common. Studies on penguins have documented substantial changes in foraging behaviour within species from different locations (e.g. Tremblay & Cherel 2003 , Lescroël & Bost 2005 and during different phases of the annual cycle (e.g. Charrassin et al. 2002 , Green et al. 2005 , Clarke et al. 2006 . Gentoo penguins Pygoscelis papua from adjacent colonies on the Kerguelen Archipelago show almost as much contrast in foraging behaviour as seen throughout the species' subantarctic range (Lescroël & Bost 2005) , and the foraging range of Adelie penguins P. adeliae can shift quite drastically over the relatively short chick-rearing period (Ainley et al. 1998 , Clarke et al. 2006 . Appreciation of this behavioural variability is important if results from individual studies are extrapolated to make wider conclusions about the species' ecology. This is especially true in situations where the behavioural information is used in the design of marine protected areas, or to assess interactions between predators and commercial fisheries (e.g. Boersma et al. 2002 , Wienecke & Robertson 2002 .
One of the assumptions of many studies on the behavioural aspects of foraging is that changes in behaviour reflect differences in prey being targeted (Harcourt et al. 2002 , Walker & Boersma 2003 , Green et al. 2005 . In several studies on penguins, changes in foraging behaviour parameters of the populations do correlate with changes in diet (Green et al. 1998 , Moore et al. 1999 , Lescroël & Bost 2005 . However, relatively few studies combine behavioural and diet data from the same individual animals to test this linkage. One exception is a study by Ropert-Coudert et al. (2002) on Adelie penguins; in this study, only very minor changes in foraging patterns (swim speed during commuting phase of dive) were found between penguins that were capturing krill versus those that were primarily capturing fish. This finding illustrates the difficulty in establishing a direct link between these 2 aspects of foraging ecology, despite the fact that one would expect them to be highly correlated. It would be useful to further investigate whether preyspecific foraging behaviours can be discriminated in commonly measured behavioural parameters such as those recorded by TDRs, and whether changes in diet could explain the behavioural variability often observed. If prey-specific foraging patterns can be identified, it might be possible to predict the diet of birds based on behavioural records (Simeone & Wilson 2003) . This would be particularly helpful if it allowed inferences about the diet of birds outside the breeding season, or far offshore, when dietary information is difficult to obtain.
Macaroni penguins Eudyptes chrysolophus are the most numerous penguin species in the world and are the leading consumer of marine resources among seabirds, consuming an estimated 9.2 million tonnes of prey annually (Brooke 2004) . The foraging locations and dive behaviour of these penguins have been studied during the breeding season at South Georgia (Croxall et al. 1993 , Barlow & Croxall 2002a , Barlow et al. 2002 , Trathan et al. 2006 and Heard Island (Green et al. 1998 , Trebilco 2004 . In addition, dive data have been recorded over the entire annual cycle for some birds from South Georgia (Green et al. 2005) . The diet of the species has been examined during the breeding season at several colonies and is usually dominated by euphausiids, but fish and other crustaceans can dominate the diet in some years or at some times of the annual cycle (Croxall & Prince 1980 , Brown & Klages 1987 , Klages et al. 1989 , Green et al. 1998 , Barlow et al. 2002 , Crawford et al. 2003 , Deagle et al. 2007 , Cherel et al. 2007 . No studies on macaroni penguins have related the diet of individual birds to their foraging behaviour.
Here we report the foraging location, dive behaviour and diet of macaroni penguins sampled over the 2003− 2004 chick-rearing period at a colony on Heard Island. The study encompassed the 2 phases of chick-rearing: guard stage, when the female provisions the young chick while the male remains at the colony to brood/ guard (late December to mid-January); and crèche stage, where both sexes forage concurrently to provision the chick (mid-January to mid-February) (Barlow & Croxall 2002b) . The specific aims of this study were to (1) document foraging behaviour during chickrearing and compare the strategies adopted during guard and crèche stages; (2) examine the link between diet and foraging parameters during chick-rearing; and (3) examine the variability in foraging behaviour and its relation to diet on a fine scale over a short period at the start of guard stage.
MATERIALS AND METHODS
Field site and study animals. Breeding macaroni penguins were studied at the Capsize Beach colony on the south-eastern coast of Heard Island (53°05' S, 73°30' E). Approximately 50 000 pairs of macaroni penguins breed at this colony, with over a million pairs breeding at other nearby sites on the island (Woehler 2006) . Data were collected between 2 December 2003 and 3 February 2004. Foraging trips completed before 15 January were classified as guard stage trips and those completed later were classified as crèche stage trips. A detailed comparison of diet and foraging parameters was carried out on 25 birds with foraging trips in a 10 day window at the start of guard stage (herein referred to as early guard birds). This analysis focused on the early guard birds for practical reasons: (1) to minimise confounding effects such as temporal changes in prey availability, seasonal differences in trip length, male-female differences in foraging behaviour and changing environmental conditions; (2) short foraging trips were made during this period and prey present in the stomach are likely to be representative of the prey captured over the entire trip. Each bird included in the study was sexed by bill measurement following Woehler (1995) and their breast feathers marked with dye to ensure individual birds were sampled only once.
Dietary analysis. The dietary data presented here are a subset of those considered in a previous study that examined stomach contents of 69 birds and obtained diet data through genetic analysis of faecal samples (Deagle et al. 2007 ). In the current study, only the stomach content data from birds equipped with data loggers (n = 43) are included, and the individual variation in diet composition is the focus rather than overall diet. Analysis methods have been presented in detail in Deagle et al. (2007) . Stomach contents were obtained using the water-offloading technique (Wilson 1984 ) with a maximum of 2 flushes; recovered material was stored in 70% ethanol. In the laboratory, samples were drained on a 0.5 mm sieve, blotted dry and the total mass recorded. Sub-samples from each bird (30 g) were divided into broad prey categories under a dissecting microscope and the diet composition by mass was determined (Croxall et al. 1985) . Only the prey groups that were present at > 5% by mass in at least one of the samples are considered here (euphausiids, fish and amphipods). Up to 100 amphipods and 100 euphausiids were identified per sample to determine species composition and recovered otoliths were used to identify the origin of the fish diet component.
Data loggers. Birds were fitted with a platform terminal satellite transmitter (PTT, Sirtrack) and a Mk 9 TDR (Wildlife Computers). Breeding birds were captured as they left the colony; instruments were attached to feathers in the midline of the lower back using cyanoacrylate glue (Loctite 401) and plastic cable ties (Trebilco 2004) . The data loggers were streamlined in shape, and the smaller TDR (39 g; 87 mm long × 18 mm wide × 18 mm high) was positioned in front of the PTT (125 g; 138 mm long × 34 mm wide × 20 mm high) to reduce hydrodynamic drag. The combined mass of the data loggers were equivalent to < 5% of the average bird's body weight (Trebilco 2004) . Birds were recaptured after between 1 and 6 foraging trips (median = 1 trip) and instruments recovered.
The PTTs transmitted every 45 s when dry and TDRs were programmed to sample pressure (depth) and temperature every 10 s. The TDR sampling interval was longer than those in recent studies of this species (e.g. Green et al. 2005) and was the result of a programming error. This sampling interval limited our ability to examine some intra-dive variables (e.g. wiggles) and may have lead to an underestimation in the number of shallow dives performed (Wilson et al. 1995) . During the second half of the study the TDRs were also inadvertently configured to store data only when wet. This had the effect of shortening average dive duration, as the units did not store data on time or pressure during inter-dive surface intervals. Consequently, the first reading in a dive was taken between 0 to 10 s from when the instrument was submerged and the final reading was taken 0 to 10 s before the instrument dried at the surface. We therefore only used dive duration data from the guard stage birds with TDRs that stored data continuously. The wet/dry sampling regime did not impact the ability to determine maximum dive depth as the zero depth reading could be determined with accuracy based on those dives with readings at the surface.
Data analysis. In most analyses, only behavioural data from the final foraging trip before collection of dietary samples were considered. The only exception was that overall foraging strategy was determined in successive excursions of the guard stage birds that carried instruments on multiple trips before being captured. Geographic locations were downloaded from the ARGOS satellite system and visualised using a purpose-written computer program, HeardMap (Frydman & Gales 2007) . All ARGOS location classes were imported into the program and maximum velocity of 15 km h -1 was used to filter the data (Frydman & Gales 2007) . Foraging tracks were plotted and range (direct distance between colony and furthest point on the filtered satellite track) of each foraging trip calculated using HeardMap. Dive records from the TDRs were visualised in Instrument Helper (version 1.0.0.5, Wildlife Computers) and the zero depth reading was set manually for all records. Dives (> 3 m) were analysed in Instrument Helper and the following variables obtained for each dive: maximum dive depth, dive duration, bottom duration (time spent at > 90% of the maximum depth of the dive; see Charrassin et al. 2002) and ascent and descent rates (travel speed between surface and the depth at which bottom time commenced/ terminated).
Most analyses carried out used data expressed as a mean per foraging trip, ensuring that equal weighting was given to each bird. In the present study, as in a previous study on macaroni penguin dive behaviour (Green et al. 2005) , there was a well-defined mode in the distribution of dive depths <10 m. We considered dives <10 m to be primarily associated with travelling activities (referred to as shallow dives) and those ≥10 m were considered to be foraging dives (Green et al. 2005) . Foraging trip characteristics considered for all birds include foraging trip range, foraging trip duration (calculated between the first and last dives > 3 m recorded from the TDR, validity confirmed with temperature data; Lescroël & Bost 2005) , total number of dives, mean maximum depth of dives, percentage of total dives that were classified as shallow dives and vertical travel distance per hour during daylight (VTD; calculation excluded activity during hours of darkness between 21:00 and 03:00 h). In early guard, additional dive characteristics examined included: mean dive duration, percentage of foraging dives in various depth bins (10-39 m, 40-69 m and > 70 m), percentage of foraging trip daylight hours spent diving, mean bottom time and maximum depth attained during a foraging trip. To compare differences in foraging parameters between groups of penguins the data were ranked and an unequal variance t-test applied (Ruxton 2006) . Multivariate significance tests of these data (e.g. ANOSIM) (Clarke & Gorley 2001) were not performed since most parameters are correlated and p-values are dependent on the suite of parameters analysed.
To visualize time−depth dive patterns during chick rearing, perspective plots of 2D binned kernel density estimates (maximum dive depth versus time) were constructed in the statistical computing package R (www.r-project.org). To give an equal weighting to individual birds, the lowest number of dives recorded for a bird within a stage was determined (guard: n = 86; crèche: n = 322) and this number of dives was randomly sampled from all individuals in the group (Tremblay & Cherel 2003) .
Multivariate differentiation of the diet data and dive parameters were assessed using multi-dimensional scaling (MDS) and principal component analysis (PCA), respectively. MDS was used with the diet data since the data were highly skewed and zero-zero matches were common. The MDS ordination was based on the Bray-Curtis dissimilarity matrix calculated from proportions of prey groups in the stomach contents of all birds (100 restarts, 999 iterations each). PCA was used to characterise dive parameters obtained from the 25 early guard stage birds since these data were more normally distributed and not affected by joint absences; this allowed us to determine the contributions of variables to each principal component. PRIMER version 5 statistical software was used for all multivariate procedures (Clarke & Gorley 2001) .
RESULTS
TDR data and diet samples from the corresponding foraging trip were obtained from a total of 43 macaroni penguins over the chick-rearing period. This included 34 birds with foraging trips ending during guard stage and 9 birds with trips ending during crèche. PTT data were obtained from 30 of these guard stage birds and all of the crèche birds (n = 39). As expected, all of the penguins foraging during the guard stage were female (based on beak measurements), 3 of the crèche birds were males. A total of 31 715 dives > 3 m were performed during the foraging trips proceeding collection of diet samples; of these dives 18 869 were to depths ≥10 m.
Entire chick-rearing period
Variation in diet. The mass of stomach contents recovered ranged from 16 to 205 g (mean ± SD; 71 ± 47 g). Four prey species accounted for more than 95% of the mass of prey in each of the stomach samples. These were 2 species of euphausiids (Euphausia vallentini and Thysanoessa macrura), a myctophid fish (Krefftichthys anderssoni) and an amphipod (Themisto gaudichaudii). For details on less common prey species see Deagle et al. (2007) . Some individual birds captured exclusively E. vallentini, Thysanoessa macrura or K. anderssoni; however, the majority of birds captured a mixture of these 3 prey species. A single bird contained close to 100% Themisto gaudichaudii; this amphipod was uncommon in the rest of the samples. MDS based on diet dissimilarity suggests some general divisions among the birds in the current study. Four groups of birds can be identified in which one of the major prey species accounted for > 70% of the stomach contents ( Fig. 1 ). Three additional groups were of birds that contained a more equally weighted mixture of diet items ( Fig. 1) .
Variation in foraging behaviour. As was previously reported for foraging trips in early guard stage (Trebilco 2004) , there was a strong correlation between trip duration and trip range over the entire chick-rearing period (Spearman's rank: r S = 0.97, p < 0.001). Both these parameters were also highly correlated to the number of dives performed (r S = 0.98 and 0.97 respectively, p < 0.001 for both). There was a generally increasing trend in these variables (trip duration, trip range and number of dives) throughout the chick-rearing period and all were significantly different between guard and crèche stages (Table 1) . Two crèche stage birds, both of them males, took exceptionally long trips (12 d each versus a maximum of 4 d in the other birds).
Removing these 2 birds from the analysis (or all 3 males) did not change the statistical significance of differences in foraging trip characteristics between the stages (Table 1 ). All foraging activity occurred in a relatively narrow band to the southeast of Heard Island (Fig. 2) . Dives occurred at all times throughout the 24 h period; however, only 2% of the recorded foraging dives (≥10 m) occurred between 21:00 and 03:00 h local time, a 6 h interval corresponding to the period of lowest light level. Throughout chick-rearing there were minor peaks in dive activity around sunrise and sunset, with the deepest dives occurring at these times (Fig. 3) . The most distinct difference in dive behaviour between stages was that crèche stage birds performed significantly more shallow dives (Table 1; Fig. 3 ). Guard birds had a peak in dive activity to depths between 5 and 20 m in the middle of the day (Fig. 3 ). There were no statistically significant differences in the mean maximum dive depths, or mean depth of foraging dives between stages (Table 1 ). The relative vertical travel distance per daylight hour also remained constant between stages.
Diet and foraging behaviour comparison. There was a change in the main euphausiid species consumed over the chick-rearing period ( Fig. 1 ) and this was accompanied by changes in some foraging characteristics (e.g. foraging trip range; Fig. 4 ). This correlation makes the identification of foraging behaviours that are specific to the euphausiid species consumed difficult to discern. For example, Euphausia vallentini tended to be taken on shorter trips with shallower dives compared to Thysanoessa macrura (Table 2) . However, all birds that consumed primarily E. vallentini (n = 17) had foraging trips ending before 30 December. During this time all foraging trips were relatively short (Fig. 4) and dives tended to be shallower (see next section of 'Results'). Conversely, 9 out of 10 birds that consumed primarily T. macrura returned from foraging trips after 30 December. So, the foraging differences seen between birds eating different euphausiids could reflect actual differences in foraging tactics due to change in prey, or could be explained by temporal differences in foraging behaviour that are independent but coinciding with a shift in prey availability. Fish were taken throughout the chick-rearing period by the tracked birds, allowing a more balanced appraisal of fish versus euphausiid-specific foraging behaviours. Birds with substantial amount of fish in their stomach (Fish, Fish/Ev, Fish/Tm individuals; Table 2 ). The birds that successfully foraged for fish dived deeper than those capturing euphausiids: mean maximum depths were 33.3 ± 9.5 m versus 25.4 ± 8.1 m (t' = -2.55, df = 18.2, p = 0.012) and the mean maximum depth of foraging dives were 47.7 ± 7.9 m versus 34.7 ± 12.7 m (t ' = -3.11, df = 17.3, p = 0.006). The trip duration was also significantly longer for birds returning with fish in their stomach: 39.8 ± 24.1 h compared with 25.9 ± 23.4 h for the krill consumers (t = -2.44, df = 21.6, p = 0.023).
Early guard stage diet and foraging strategies
As would be expected from the general trends in diet over the chick-rearing period, the diet of early guard stage birds was dominated by Euphausia vallentini, but some birds had a significant proportion of Thysanoessa macrura and fish (Fig. 1) . To investigate variability of foraging behaviours in these birds we carried out a PCA on a suite of foraging trip parameters (Table 3) . PC1 accounted for 63% of the variation in the dive parameters, and PC2 only accounted for a further 17%. Plots revealed clear separation of guard stage birds into 2 distinctive foraging groups on PC1 (Group A and B; Fig. 5 ). PC1 had evenly spread loadings: positive values were obtained for mean bottom time and proportion of foraging dives between 10 and 39 m; negative values were obtained for mean maximum depth, maximum dive depth, percent shallow dives, trip duration, proportion of foraging dives over 40 m and relative vertical travel distance per daylight hour (Table 3 ). The foraging strategies of these 2 groups were investigated further.
Group A birds made trips lasting an entire day or 2 days whereas Group B had short trips, generally occurring in the middle of the day (Table 3) . Virtually all Group B birds were located within 5 km of the island inside the 100 m isobath. Group A birds had markedly shorter bottom times compared to Group B birds; this was not due to differences in dive durations but an increase in ascent and decent rates in Group B birds (Fig. 6) . The increased dive transit rates and long bottom times are indicative of benthic dives (Tremblay & Cherel 301 . Benthic foraging is also characterized by series of dives to a narrow depth zone (i.e. the bottom) and foraging trips with a high proportion of benthic dives therefore have a higher percentage of intra-depth zone (IDZ) dives compared to non-benthic foraging trips. (Tremblay & Cherel 2000 , Takahashi et al. 2003 (Fig. 7) . The percentage of IDZ dives during a trip provides an indication of the overall foraging strategy (Table 3) . We calculated this statistic for multiple trips from individual birds to examine whether individuals displayed consistent foraging tactics between early guard stage trips. These data were available from 10 penguins that were not captured on returning from their first (or second) foraging trip after instrument deployment. Penguins did not display a fidelity to a particular foraging strategy; there were 4 inter-trip changes between benthic and pelagic strategies out of 13 comparisons (Fig. 8) . Visual inspection of dive profiles also revealed that some individuals utilised both strategies within individual trips (e.g. switch from pelagic to benthic dives at the end of trip; Fig. 7a ).
To determine if differing foraging strategies were correlated with differences in prey captured by the birds, we plotted the foraging characteristics PC1 versus proportions of the 3 major prey species (Fig. 9) . The plot reveals Group A birds consumed euphausiids and fish, whereas Group B birds fed solely on euphausiids. This indicates that both inshore benthic and offshore pelagic foraging strategies are used to target euphausiids, whereas fish are only being captured when these birds adopt the offshore pelagic foraging strategy.
DISCUSSION
This study provides detailed data on the variation in foraging location and dive depths used by macaroni penguins over the chick-rearing period at Heard Island. It is also the first study combining data on the foraging behaviour of individual macaroni penguins with detailed information on their diet. Our results show that the duration and range of foraging trips increases during chickrearing. This is probably due to a combination of changing constraints imposed by the requirements of offspring, and changes in the distribution of the most profitable prey resources. Our analysis of TDR data revealed that benthic dives were performed by some individuals, a foraging tactic not previously recorded in this species. In some cases variability in foraging behaviour did reflect differences in prey species targeted (e.g. myctophids were taken on trips further from the colony with deeper dives compared to euphausiids). However, in 302 Table 3 for parameters and loadings). Two foraging groups identified by PC1 are labelled other cases we observed changes in dive behaviour that did not reflect changes in prey consumption (e.g. Euphausia vallentini was the main prey taken in many nearshore benthic and offshore pelagic trips). Our analyses also illustrate the difficulties of comparing foraging data with diet data and we suggest some ways future studies could be improved.
Instrument effects
The attachment of external data loggers affects the diving performance of penguins (Ropert-Coudert et al. 2007 ) and the 2 loggers deployed simultaneously in the current study represent a considerable payload for a macaroni penguin. The impacts that these instruments had on foraging behaviour is difficult to assess since all our behavioural data came from birds carrying the same instruments, and trip length was not monitored in non-instrumented birds. One indication of foraging trip success is the mass of stomach contents recovered; in the current study this was 71 ± 47 g, considerably smaller than reported in some other diet studies on macaroni penguins at other locations (e.g. 273 ± 141 g; Brown & Klages 1987) , raising the possibility that our instruments had a major impact on foraging success. To examine this further we compared stomach content mass data from the current study with data from 8 non-instrumented birds collected during the same field season (data from Deagle et al. 2007 ). While we generally obtained smaller samples from instrumented birds, with the large variance between samples there was not a significant difference between the means (71 ± 47 g versus 103 ± 66 g; t-test, p = 0.220). The mass of stomach contents we recovered were comparable to those reported in 2 previous diet studies on Heard Island from non-instrumented birds (67 ± 50 g, Green et al. 1998 ; 95.5 ± 65 g, Klages et al. 1989 ). In addition, the diversity of prey captured by instrumented birds was similar to that reported for non-instrumented birds (Klages et al. 1989 , Green et al. 1998 ). While we cannot discount the influence of instrument effects in the current study, the variety of prey successfully cap- Dives > 35 m were not included because there were too few data at these depths for Group B tured and wide variation in dive behaviour observed indicate it is possible to carry out comparative analyses between birds within this study.
Foraging behaviour variation between guard and crèche stages
The general foraging characteristics recorded at Heard Island over the chick-rearing period had many similarities with those documented at South Georgia, the location where the most detailed studies of macaroni penguin behaviour have been carried out. They include parameters such as foraging trip range (mean 74.9 km, range 0.5-347 km, this study; mean 62.1 km, range 2.8-336 km, Barlow & Croxall 2002a) , trip duration (median 25.1 h, range 4-311 h, this study; median 18.6 h, range 0.5-358 h, Barlow & Croxall 2002a ) and mean maximum depth of foraging dives (38 m, this study; 42 m, Green et al. 2005) . The uniformity of foraging trip trajectories for birds within a colony was consistent with the recent analysis carried out on guard stage birds at several colonies on South Georgia (Trathan et al. 2006) . Our results did differ notably from studies carried out on macaroni penguins at South Georgia with regard to the change in foraging trip length between guard and crèche stages. At Heard Island, the duration and range of trips were shorter in guard stage compared to crèche stage. The opposite relationship, or no significant differences, in foraging trip durations between stages have been reported for birds from South Georgia (Barlow & Croxall 2002a ,b, Green et al. 2005 ). This may be partially due to the fact that our study included a disproportionate number of foraging trips in the early part of guard stage, since trip length increases during guard stage (Trebilco 2004) . Regardless, an increase in foraging trip length over the chick-rearing period was evident in our data. This trend is congruent with an increase in foraging trip duration over chick-rearing in rockhopper (Tremblay & Cherel 2005 ) and royal penguins (Hull et al. 1997) . A foraging range expansion similar to the one we observed has also been recorded in Adelie penguins and attributed to changing energy demands of the chicks and adults, local food depletion and changes in sea ice extent (Ainley et al. 1998 , Clarke et al. 2006 . At Heard Island the absence of limitations to foraging imposed by sea ice suggests biotic factors are responsible for changes in foraging trip duration. Short trips performed during early guard stage are likely dictated by the need of very small chicks to be fed frequent meals and the requirement that one parent broods or guards the chick. It would be hard to envisage birds not taking advantage of a concentrated food source close to the colony if it was available. Therefore, the absence of inshore foraging late in the chick-rearing period suggests that either local depletion of resources due to intraspecific competition may be occurring (i.e. Ashmole's halo effect), or that there are temporal changes in prey distribution. It is also possible that foraging locations further from the colony are more reliable, or the high energy content of myctophid fish available is more profitable, making distant sites optimal when time constraints and chick requirements have eased (see Alonzo et al. 2003 and discussion in Clarke et al. 2006) . The occurrence of very long trips that were noticeable outliers occurred during the crèche stage in our study (2 trips that were 12 d) and has also been reported during chick-rearing at South Georgia (trips up to 14 d; Barlow & Croxall 2002a) . These long trips presumably allow adults to replenish their own energy stores (Ainley et al. 1998 ) and in our study were carried out by male penguins after a period of fasting during chick guarding. The changes in trip characteristics we found between stages remain significant if we exclude data from male penguins.
Foraging behaviour variation within the guard stage
The analysis of individual variability in foraging behaviour over a short period at the beginning of guard stage revealed that 2 distinct types of foraging trips are utilized. One type involves birds taking foraging trips that lasted 1 or 2 days, extended roughly 50 km offshore from the colony and utilizing depths distributed broadly between 10 and 100 m. These trips are typical of the pelagic foraging previously reported for guard stage macaroni penguins (Green et al. 1998 , Barlow & Croxall 2002a , Green et al. 2005 . The other type of trip was a very short foray (range generally < 5 km) in the neritic zone adjacent to the colony; the dives performed were shallow and characterised by long bottom times with rapid decent and ascent rates. The profile of dives carried out by birds on these inshore foraging trips matches those expected when prey is captured close to the sea floor (Tremblay & Cherel 2000 , Costa & Gales 2003 . During benthic foraging diving predators should maximise bottom time and minimise dive transit times, since time spent away from the bottom is unproductive (Costa & Gales 2003 ). An alternative explanation for the long bottom times is that these are pelagic dives, but a higher proportion of dives involve prey capture which is occurring at the deepest part of the dive (Sato et al. 2004) . In pelagic foraging, dives that are unsuccessful have longer decent and ascent rates, increasing search area by extending the horizontal distance covered and the possibility of moving into a prey patch in subsequent dives (Sato et al. 2004) .
The integration of foraging location and dive data with bathymetry can provide unequivocal evidence of benthic dives (e.g. Rodary et al. 2000a , Ropert-Coudert et al. 2006 ). In the current study this was not directly possible since the resolution of the satellite telemetry data did not allow us to pinpoint the exact location of dives in an area where the bottom depth changes relatively quickly. However, the putative benthic dives occurred within an area were benthic dives were possible (i.e. close to the island in depths <100 m) and were not observed on trips into areas of deep water. Our IDZ analysis also indicates that during the short foraging trips, depths of successive dives were consistent. This observation further supports the proposition that the birds are carrying out benthic dives (Tremblay & Cherel 2000 , Takahashi et al. 2003 . To our knowledge benthic dive behaviour has not been previously recorded in macaroni penguins, but the importance of this foraging strategy has been recognised in a wide range of other species of penguins including gentoo penguins Pygoscelis papua (Robinson & Hindell 1996) , rockhopper penguins Eudyptes chrysocome (Tremblay & Cherel 2000) , emperor penguins Aptenodytes forsteri (Rodary et al. 2000b ), chinstrap penguins Pygoscelis antarctica (Takahashi et al. 2003) , and little penguins Eudyptula minor (Ropert-Coudert et al. 2006 ). The variation in prey being targeted by these different species suggests that using the seabed to trap prey is a successful prey capture method for a range of prey types. Unlike individual-specific foraging patterns seen in some diving birds (Mehlum et al. 2001 , Cook et al. 2006 ) birds in the current study that completed several foraging trips carrying data loggers showed no indication of focusing on a single foraging strategy (i.e. benthic versus pelagic) over successive trips. The foraging strategy adopted by macaroni penguins likely represents chance variation in prey patch detection: those birds which encounter prey close to shore while travelling in a trajectory away from the colony perform benthic dives and return to provision their chick; if no prey is encountered they continue offshore to forage (Trathan et al. 2006) .
Relationship between diet and foraging behaviour
Direct links between the foraging patterns and the prey species captured by individual penguins have rarely been illustrated. This is due in part to the fact that the majority of foraging ecology studies focus on either behaviour or diet, with few carrying out a combined analysis on the same birds. In the current study, dietary analysis identified 3 main prey species: 2 euphausiids (Euphausia vallentini and Thysanoessa macrura) and a myctophid fish (Krefftichthys anderssoni). The main species of euphausiid consumed switched from E. vallentini in the early part of chickrearing to T. macrura later. When we compared foraging patterns of birds consuming the 2 euphausiids there were noticeable differences: E. vallentini was taken on trips that were shorter with shallower dives. However, these differences were correlated with changes in foraging behaviour that occurred over the study in all birds, so it is unclear whether they are a result of the prey consumed or an independent factor. Data from trawls carried out in early January 2003 at locations where the penguins foraged (over the plateau slope and deep water southeast of Heard Island) indicate both E. vallentini and T. macrura commonly co-occur in the upper 300 m of water and both species perform a diel vertical migration bringing them close to the surface at night (Australian Antarctic Division unpubl. data). The trawl data also show that during the day E. vallentini was only caught in trawls deeper than 100 m whereas T. macrura were caught in the upper 0 to 100 m zone. This observation is difficult to reconcile with the finding that diurnal penguins are foraging on E. vallentini in shallower dives compared with T. macrura. A possible explanation is offered by our tracking data: E. vallentini is primarily captured in shallow inshore water where its vertical migration is limited by the sea floor and T. macrura is more accessible offshore where deeper dives are performed. The possibility that E. vallentini aggregate near the bottom in neritic waters during the day making them targets for land based predators is discussed by Perissinotto & McQuaid (1992) . In addition, rockhopper penguins have been shown to forage on this species close to the sea floor in costal waters of the Kerguelen Archipelago (Tremblay & Cherel 2000) .
Our comparison of foraging parameters from birds that were feeding on euphausiids versus those that consumed a substantial amount of fish show the latter tended to travel further from the island and dive to greater depths. It was somewhat surprising that discernable differences were found given the large variability in foraging behaviour over the chick-rearing period and the fact that many of the birds consuming fish also captured significant numbers of euphausiids. The foraging differences we detected clearly indicate that the myctophid fish eaten by the penguins are not found in waters near the island. Fish remains (otoliths or tissue) were only recovered from birds returning from foraging trips that had a range of more than 30 km and only when the maximum dive depth attained during the trip was greater than 70 m. None of the guard stage birds foraging inshore captured fish. This is not surprising given the dominance of the pelagic myctophid Krefftichthys anderssoni in the fish component of the diet of Heard Island macaroni penguins (Klages et al. 1989 , Green et al. 1998 , Deagle et al. 2007 . A variety of other mesopelagic fish are present in the waters surrounding Heard Island, but most are found at depths below 100 m during the day (Duhamel et al. 2000, Australian Antarctic Division unpubl. data) . Data from sampling conducted near Kerguelen (Duhamel et al. 2005) and Heard Island (Australian Antarctic Division unpubl. data) indicate K. anderssoni is exceptional in that its diel vertical migration brings it closer to the surface during the day (the opposite of other myctophid species in the area) making it the only myctophid with appreciable biomass accessible to macaroni penguins in the upper 100 m of water at this time.
The prey-related foraging parameters that we identified seem to reflect differences in prey distribution rather than prey-specific foraging tactics per se. Therefore, when the same species of prey are found in different habitat, large changes in foraging parameters can occur when the target species has not changed. This is clearly illustrated by birds with drastically different foraging patterns in early guard stage (i.e. inshore benthic dives versus offshore pelagic dives) that are capturing the same species of euphausiids. If predator behavioural data were recorded in more detail than in the present study it might be possible to detect preyspecific foraging tactics rather than habitat-specific patterns. For example, the accelerometers used by Ropert-Coudert et al. (2006) to monitor flipper beat frequency and body posture of little penguins, or the finescale undulations measured by Simeone & Wilson (2003) may distinguish capture behaviours specific to different prey groups. The resolution of our analysis was also limited by the fact that the capture success of individual dives was unknown. This meant data from all dives and locations during a trip (including transit and unsuccessful searching activity) were compared to the stomach content data. If the foraging data could be filtered to include only the location and profiles of successful foraging dives it is likely more defined relationships between diet and foraging patterns would emerge.
In conclusion, this study highlights the variability of macaroni penguin foraging behaviour over the relatively short period of chick-rearing. This behavioural plasticity must be taken into consideration when generalising results from individual studies to make wider conclusions. Our analyses also show that changes in behavioural foraging parameters can signify dietary shifts; however, significant changes in behaviour do occur that are not associated with a change in diet. In the future, fine-scale behavioural measurements may uncover prey-specific foraging patterns, allowing behavioural data to be used to infer information about diet. 
